Abstract Using EISCAT data, we have studied the behavior of the i region electron temperature and of the lower p region ion temperature during a period that was particularly active geomagnetically. We have found that the i region electron temperatures responded quite predictably to the eective electric ®eld. For this reason, the i region electron temperature correlated well with the lower p region ion temperature. However, there were several instances during the period under study when the magnitude of the i region electron temperature response was much larger than expected from the ion temperature observations at higher altitudes. We discovered that these instances were related to very strong neutral winds in the 110±175 km altitude region. In one instance that was scrutinized in detail using i region ion drift measurement in conjunction with the temperature observations, we uncovered that, as suspected, the wind was moving in a direction closely matching that of the ions, strongly suggesting that ion drag was at work. In this particular instance the wind reached a magnitude of the order of 350 m/s at 115 km and of at least 750 m/s at 160 km altitude. Curiously enough, there was no indication of strong upper p region neutral winds at the time; this might have been because the event was uncovered around noon, at a time when, in the p region, the E Â B drift was strongly westward but the pressure gradients strongly northward in the p region. Our study indicates that both the lower p region ion temperatures and the i region electron temperatures can be used to extract useful geophysical parameters such as the neutral density (through a determination of ion-neutral collision frequencies) and Joule heating rates (through the direct connection that we have con®rmed exists between temperatures and the eective electric ®eld).
Introduction
It has been repeatedly pointed out that the ion temperature below 400 km altitude depends quadratically on the magnitude of the relative drift between ions and neutrals (e.g., Rees and Walker, 1968; St.-Maurice and Hanson, 1982, 1984) . However, it may not have been stressed strongly enough that this is equivalent to the ion temperature having a quadratic dependence on the magnitude of the eective electric ®eld Thayer (1998a, b) recently emphasized that the actual Joule heating rate that determines a large fraction of the rate at which energy is transferred from the magnetosphere to the thermosphere actually depends on the magnitude of the eective electric ®eld through r z i H j j 2 dz where z is the altitude and r is the height-dependent Petersen conductivity. The ion temperatures obtained with incoherent scatter radars should therefore in principle, provide an accurate description of the Joule heating rates without even the need for drift measurements. However, as we discuss in more detail below, things are not so simple: on the one hand, the temperature enhancements have to be large enough to avoid large uncertainties associated with neutral temperature models and error bars on the measurements. On the other hand, when the temperature enhancements are large, the ion velocity distribution becomes anisotropic and non-Maxwellian which complicates the analysis sometimes considerably. For these reasons, the ion temperatures may have been overlooked as a useful tool for monitoring the state of the thermosphere. But with considerable progress made on data processing and analysis together with a much
Correspondence to: J.-P. St.-Maurice clearer characterization of non-Maxwellian features the time has come to give the ion temperature another shot.
A similar situation has evolved with electron temperatures in the i region. As we discuss in more detail below, it is now clear that for electric ®elds of the order of 40 mV/m or greater the electron temperature rapidly climbs up well above the neutral and ion temperatures. Much emphasis has been given to producing an expression for the heating rates using nonlinear plasma physics, at the expense of exploring the possibilities that the enhancements can provide as a tool to study the thermosphere. Later in this paper we show that one can argue on theoretical grounds that the electrons, like the ions, respond to the eective electric ®eld rather than to the electric ®eld itself. This would imply that the electrons could be used to monitor the Joule heating rates in an altitude range that is particularly important for magnetospheric energy deposition rates. Again, we wish to argue here that knowledge and technology have now both progressed to the point that this is entirely feasible.
One of the features that may have hindered progress in terms of utilizing electron temperatures is that, contrary to what has been obtained with small data subsets over several hours of data acquisition, the electron temperature data often exhibit a large amount of scatter when plotted against the electric ®eld strength. This has been blamed in the past mostly on poor electric ®eld estimates (St.-Maurice et al., 1990; Haldoupis et al., 1993; Williams et al., 1992) . Since many radar experiments do not monitor the electric ®elds on as short a time-scale as the temperatures, this may have led to a lack of study of many a data set. It may be, however, that much of the scatter in e versus electric ®eld plots is actually of a geophysical rather than statistical nature. One is reminded of a similar problem that was faced by St.-Maurice and Hanson (1984) when looking at large data sets of ion temperatures onboard the AE-C satellite: as the electric ®eld was increasing the ion temperatures would exhibit increasingly large standard deviations about a mean that was close to the values expected for zero neutral winds. The source of the scatter was identi®ed with neutral wind values of fairly normal magnitudes aecting the temperature response through simple changes in the angle between winds and ion drifts. Given that there is a strong theoretical case for the electron temperature to also respond to the eective electric ®eld and not the ®eld itself one is left wondering about that possibility for the i region electron temperatures as well.
Our most important goal in this paper is therefore to document the eective electric ®eld dependence of the i region electron temperature based on EISCAT radar observations of the phenomenon. To this end we will present results from 24 h of data acquired during an extremely geomagnetically disturbed period. In the process of making our case, we will also show that the behavior of the ion temperature is now understood well enough to extract reliable values for the eective electric ®eld throughout the upper i region and the lower p region. We will in fact show how the ion-neutral collision frequency can be extracted from the ion temperature and drift behavior in the i region, implying that once calibrated, the electron temperatures below 120 km could be used to extract this information more easily and quite reliably during heating events. Finally, we will also present, using the principles we uncovered, one example for which we extracted neutral winds of exceptional magnitudes in the i region and lower p region. The data in that case was strongly indicative of a strong ion drag eect, which did not seem, however, to extend to upper p region heights.
Before presenting our particular data set and our analysis of it we will review brie¯y in sect. 2 the basis for using ion and electron temperatures as proxies for the eective electric ®eld strength. This is followed in sect. 3 by a description of the particular experiment that we used and an overview of the data that were acquired. In sect. 4 we focus on a rather striking feature of our particular data set in which an`upper electron temperature branch' (UTEB) clearly emerges from the rest of the data. From a detailed study of the available data during UTEB events we will show that very strong i region neutral winds were aecting both the ion and the electron temperature data, but more so the ions above 130 km altitude. Further evidence that this was indeed the case is presented in sect. 5, where we have extended our method to include the observation of ion drift vectors during a particular time interval for which the electric ®eld did not change.
2 The connection between ion and electron temperatures and the eective electric ®eld strength
Ions
The dominant terms in the ion energy balance below 400 km altitude are the frictional heating term and the heat exchange term with the neutrals. The lower the altitude the truer this becomes. The equation that results from this balance is, to a good approximation, given by (e.g., St.-Maurice and Hanson, 1982) i n hm n i 3u
where i and n are the ion and neutral temperatures respectively, u is the Boltzmann constant, V i and V n are the ion and neutral drifts respectively and hm n i is a collision-frequency-weighted average neutral mass. We can also write i in terms of the eective electric ®eld E H E V n Â B. As we show in the Appendix, Eq. (1) can then be replaced by i n hm n i 3u
where a i m i aX i is the ion collision to cyclotron frequency ratio. The merit of Eq. (2) is to express explicitly that i depends strictly on the eective electric ®eld, and not on the electric ®eld itself.
